Abstract We compare the space-time correlations calculated from direct numerical simulation (DNS) and large-eddy simulation (LES) of turbulent channel flows. It is found from the comparisons that the LES with an eddy-viscosity subgrid scale (SGS) model over-predicts the space-time correlations than the DNS. The overpredictions are further quantified by the integral scales of directional correlations and convection velocities. A physical argument for the overprediction is provided that the eddy-viscosity SGS model alone does not includes the backscatter effects although it correctly represents the energy dissipations of SGS motions. This argument is confirmed by the recently developed elliptic model for space-time correlations in turbulent shear flows. It suggests that enstrophy is crucial to the LES prediction of spacetime correlations. The random forcing models and stochastic SGS models are proposed to overcome the overpredictions on space-time correlations.
Introduction
Large-eddy simulation (LES) is designed to explicitly calculate the large-scale unsteady motions in turbulent flows whereas the effects of small-scale motions on large-scale ones are modeled using sub-grid scale (SGS) models. Therefore, it is expected that LES could accurately and reliably . The development of LES has showed the great potential of LES to predict the non-equilibrium properties of unsteady motions, with successful evidences [2] . These non-equilibrium properties are induced by either turbulence flows or their interaction with other physical processes such as turbulencechemistry interaction. Two typical examples are turbulencegenerated noise [3] and turbulent mixing [4] . In the first example, the acoustic intensity radiated by a turbulent flow is dependent on the two-time, two-point correlations of velocity fluctuations in the Eulerian frame [5] [6] [7] ; in the second example, turbulent transport processes are naturally described by particle dispersion [8] , or at least two-time velocity correlations of two particles in the Lagrangian frame [9] . The twotime, two-point correlations of velocity fluctuations in either Eulerian or Lagrangian frame are conventionally called as space-time correlations. They are the essential requirements for LES to correctly predict the non-equilibrium properties of unsteady motions in turbulent flows. Meanwhile, the impact of unsteady motions at large scales to small scale motions are also very important. The space-time correlations approach represents the preliminary work on those problems aligned in this direction.
A sub-grid scale (SGS) model is central to the LES prediction of space-time correlations. The simplest but mostlyused SGS model is the eddy-viscosity or Smagorinsky SGS model [10] . This model relates the residual stress to the filtered rate of strain and thus, it plays the role of energy sink to dissipate the extra energy at large scales. Therefore, the Smagorinsky model can correctly predict the energy spectra but it may not be able to correctly predict space-time correlations, since a space-time correlation can not be fully determined by energy spectra alone. In fact, small-scale motion makes two contributions to large-scale motion in turbulent flows [11]: energy dissipation and random backscatter. The random backscatter de-correlates large-scale motion and thus reduces the large-scale correlation length scales in both space and time. The standard Smagorinsky model represents the energy dissipation but ignores the random backscatter. L. Guo, et al. Therefore, it may not be able to correctly predict the spacetime correlations. Space-time correlation is the simplest twotime, two-point statistical quantity. It represents the function of random backscatter from small-scale motions to largescale ones. The space-time correlation requires a higher level closure beyond one-time, two-point (spectral) closure and one-time, one-point closure in turbulence modeling theory.
The present study focuses on the Eulerian space-time correlations. Previous work on isotropic turbulence has found that LES with an eddy-viscosity SGS model could over-predict decorrelation time scales of space-time correlations and under-predict their magnitudes [6, 7] . These results are supported by the sweeping hypothesis [7, 12] : the spacetime correlations in isotropic turbulence are mainly determined by energy spectra. Therefore, the under-predictions of LES on energy spectra result in larger decorrelation time scales and smaller correlation magnitudes. Park et al. [13] find the consistent results that the deterministic SGS models lead to slower decorrelations of space-time correlations in isotropic turbulence. They further propose this quantity to serve as the second requirement for the best deterministic SGS model, which is a powerful diagnostics character for SGS models. Dong and Sagaut [14] use the lattice Boltzmann method (LBM) to investigate the effects of SGS modeling on space-time correlations. Their result shows that there exist the distinct discrepancies in space-time correlations between the LES with the LBM-SGS models and the DNS. This implies that space-time correlations remain a challenge for this numerical method. The similar results are also observed in compressible boundary layers [15] . Those researches show that the LES with the standard Smagorinsky SGS model is not able to accurately predict the space-time correlations.
The present paper is devoted to study the LES prediction of space-time correlations in turbulent shear flows. The results on space-time correlations in isotropic turbulence can not be directly used to turbulent shear flows, since the mean shear rate in a turbulent shear flow provides another time scale in addition to the eddy turn-over time scale in isotropic turbulence. Favier et al. [16, 17] investigate the space-time correlations in rotating turbulence. The rotation provides one more time scale different from isotropic turbulence and plays the role different from the shear rate. In the present study, we will take turbulent channel flow as our working case, since it is the typical example of turbulent shear flows with intensive study on their spatial statistics. We will compare the space-time correlations obtained from DNS and LES of turbulent channel flows. To quantify their disparity, we introduce a new measurement, directional correlation, and calculate its integral scale. The disparity is analyzed by the recently developed elliptic model [18, 19] . The elliptic model implies that the space-time correlations in turbulent shear flows are determined by the energy spectra and two characteristic speeds: propagation velocity and sweeping velocity. A comparison is made between the propagation velocities from LES and DNS. Finally, we discuss the recently developed SGS models especially for space-time correlations.
DNS and LES of turbulent channel flows
Both DNS and LES of turbulent channel flow are performed on a staggered mesh using the finite volume method. The scheme is second order in space, using central differencing for both the convective and the viscous terms. For time advancing, a forth-order Runge-Kutta scheme is used for the convective term; while a third order implicit Runge-Kutta scheme is used for the viscous term. The Reynolds number based on the friction velocity and half channel width is 180. The dimensions of channel are 4πh, 2h and 4πh/3 in the streamwise, wall-normal and spanwise direction, respectively. A periodic boundary condition is applied in the streamwise and spanwise directions. The grid number is 130 × 130 × 130 in DNS and 66 × 66 × 66 in LES. We will find that the LES results are distinctly different from the DNS ones although the grid number in LES is about a half of the one in DNS. The grids are uniform in the streamwise and spanwise direction and are clustered in the normal direction near the solid walls. The governing equations are solved down to the wall using the Smagorinsky SGS model. The wall-nearest grid points are located at y + = 0.29 and y + = 0.6 for DNS and LES, respectively. A dynamic Smagorinsky model is used in the present simulation where the Smagorinsky coefficient is kept non-negative. Figure 1 shows the energy spectra of streamwise velo- 
